Thin films and sintered bodies of Gd 2 O 3 were prepared by alkoxide solution coating or uniaxial pressing of an oxide powder, followed by firing in a synthesized air atmosphere. Both samples were initially hydrophilic after firing. However, their water contact angles increased during storage in ambient air. The surface hydrophobicity was non-existent after ozonation, but it recovered during two weeks of ambient air storage. The hydrophobicization rate of Gd 2 O 3 film was higher than that of SiO 2 film. It corresponded to the carbon concentration ratio on the surface. Fourier-transform infrared spectroscopy revealed a difference in stretching vibrations of the OH group at around 3400 and 3600 cm ¹1 between SiO 2 and Gd 2 O 3 films. The hydrophobicization rate of the sintered body depended on storage atmosphere and the temperature when the sample was removed from the furnace. Results suggest that this hydrophobicity originated from the adsorption of organic substances from ambient air onto the surface. Surface roughness of the sintered body also affected hydrophobicity. The Cassie mode contribution was inferred for a surface with a water contact angle without roughness of 65°.
Introduction
Hydrophobic coatings have been applied to various industrial items to achieve anti-wetting, anti-rusting, and reduced friction resistance by virtue of decreased solidliquid interaction. The degree of ionic bonding is high in the bonding of many oxides. Their surfaces are commonly terminated by oxygen ions, which is larger than metal ions. In an ambient air atmosphere, water molecules adsorb dissociatively onto the surface with formation of OH groups. A physisorbed water molecule layer is formed on the OH groups. 1) For that reason, oxide materials are generally hydrophilic. Surface treatments using organic compounds such as wax or silanes are commonly used to produce hydrophobicity on oxide materials.
2) Nevertheless, durability limitations restrict the use of these technologies. Although several investigations have been conducted to investigate the preparation of hydrophobic oxide materials without using organic compounds, 3)9) practical applications of these technologies are few, probably because of insufficient process versatility or insufficient durability of the hydrophobicity. Oxide materials with durable hydrophobicity are eagerly anticipated for use in various industries.
Recently, Azimi et al. reported that various ceramics of rareearth oxides are hydrophobic, although oxides of representative elements such as Al 2 O 3 are hydrophilic. 10) They attributed this result to the shielding of the 4f orbitals of rare-earth atoms by the octet electrons of the outer (5s 2 p 6 ) orbitals, and to the resultant difficulty in forming normal hydrogen bonds on the rare-earth oxide surfaces. Several investigations have assessed the hydrophobicity of rare-earth oxides. Preston et al. evaluated the relation between the contact angle of rare-earth oxide ceramics and their surface carbon ratio. They concluded that the origin of the hydrophobicity is the adsorption of organic compounds from the atmosphere. 11) On the other hand, Khan et al. insisted that airborne organic compounds do not impact the wetting properties of rare-earth oxides from the results of thin film samples by a dry process (sputtering). 12) However, comparative analysis was not conducted between film samples prepared using wet processing and ceramics thus far. In addition to organic compound adsorption, the contributions of electronegativity 13) and surface relaxation 12) were also proposed on this wettability conversion. Furthermore, computational analysis from the viewpoint of metalmetal distance 14) has been conducted for this phenomenon. Superhydrophobic surfaces have also been prepared using thin film technologies (dry process) 15), 16) with rare-earth oxides. For this study, we chose Gd 2 O 3 as a model rare-earth oxide because its valence is stable as +3. We prepared thin films and sintered bodies of Gd 2 O 3 by alkoxide solution coating or uniaxial pressing of an oxide powder, followed by firing in a synthesized air atmosphere, as described by Azimi et al. Then storage atmosphere and surface roughness effects on the hydrophobicity of these samples were investigated. The thin film samples have higher smoothness than the sintered bodies do. Therefore, they were used for surface analyses using X-ray photoelectron spectroscopy (XPS) and attenuated total reflection (ATR) of infrared microspectroscopy (FT-IR). 4 , Wako Pure Chemical Industries Ltd.] were spin-coated onto Pyrex glass plates (1 mm thickness) at 1500 rpm for 5 s. The obtained precursor films were fired at 500°C for 2 h in a synthesized air atmosphere. These film samples were removed from the furnace after it had cooled to approximately 40°C.
Sintered bodies
Gadolinium oxide (Gd 2 O 3 , 99.9%; Wako Pure Chemical Industries Ltd., Osaka, Japan) was milled in a mortar, and was pressed uniaxially (100 MPa) into a pellet (10 mmº). The surfaces of some Gd 2 O 3 green bodies were roughened using sandpaper or a metal brush. After the obtained green bodies were set on Pt foil, they were then sintered in a closed muffle furnace (NLT-2025D-OP; Motoyama Co. Ltd., Osaka Japan) under atmospheric control at 1600°C for 2 h. The synthesized air (water concentration <0.5 ppm) flowed (1 L/min) into the furnace during sintering. Then the samples were taken from the furnace when it had cooled to 4070°C. It is noteworthy that the furnace was pre-heated to 1600°C for 2 h with flowing synthesized air (0.5 L/min) every time before sintering of the samples to avoid any influence of water or organic substances' molecules adsorbed onto the refractories in the furnace.
Characterization
The specific surface area of the starting Gd 2 O 3 powder was measured using BrunauerEmmettTeller (BET) method with N 2 (BEL SORP mini; Bel Japan Inc., Tokyo, Japan). The crystalline phase of the sintered bodies and thin films was evaluated using X-ray diffraction (XRD, XRD-6100; Shimadzu Corp., Kyoto, Japan for sintered bodies/Smart Lab; Rigaku Corp., Tokyo, Japan for thin films). The sintered body density was measured using Archimedes method with water. Wettability of the sample was examined in ambient air using a contact angle meter (Dropmaster 500; Kyowa Interface Science Co. Ltd., Saitama, Japan) and a water droplet (3.0¯L). The morphological features of the powder and the microstructure of the obtained sintered bodies were observed using a field-emission scanning electron microscope (FESEM, JSM-7500F; JEOL Ltd., Tokyo, Japan). The surface roughness was evaluated using tapping-mode AFM (JSPM-5200; JEOL) or a laser microscope (OLS4000; Olympus Corp.). The amounts of stretching vibration of OH groups on the surface of thin films were examined using ATR of FT-IR (FT/IR 6100; Jasco Corp., Tokyo, Japan). We initially set a pure water droplet (10¯L) on the diamond prism. Samples were pressed onto the droplet during measurement. Moreover, XPS (ESCA model 5500MT; PerkinElmer Inc., Waltham, MA, USA) analysis was conducted to evaluate the surface carbon concentration against each element. Measurements of the film samples and sintered bodies were taken at a certain period after firing. We used a resin (PET) as a control. All prepared samples were set in a polystyrol box and were stored in a dark place in the laboratory atmosphere during storage.
Results and discussion
The specific surface area of Gd 2 O 3 powder for the processing sintered bodies was 2 m 2 /g. SEM micrographs of starting powders are portrayed in Fig. 1 . The crystalline phase of the powder is cubic-phase Gd 2 O 3 . Almost all sintered bodies had greater than 95% relative density. The crystalline phase of Gd 2 O 3 was transformed into monoclinic phase by sintering at 1600°C (Fig. 2) . This phase transition is expected to occur at around 1200°C during heating for sintering. 17) Similar phase transition at high temperature is common to rare-earth oxides.
17)
Figure 3 displays shapes of water droplets on sintered bodies. The contact angle of a water droplet immediately after sintering was approximately 10°. It increased gradually during storage and became 95.6 « 2.8°after 25 days. The average and standard deviation values were obtained from 16 samples. The contact angle of the sintered bodies decreased to 1020°after ozonation, which was conducted by illuminating the sample surface with a vacuum ultraviolet light ( = 172 nm, UER-20; Ushio Inc.) in a synthesized air atmosphere (20 mm distance between lamp and sample, 5 min exposure time). However, it recovered to its initial value in two weeks by storage in ambient air. The normal surface roughness value of the sintered bodies (without roughening treatment on green bodies before firing) obtained in 260¯m square area using laser microscopy was less than 100 nm. It is noteworthy that these samples had been removed from the furnace at around 70°C. Details of a discussion of the relation between this temperature and surface hydrophobicity are presented later. Figure 4 shows the contact angle change and surface carbon ratio for Gd 2 O 3 and SiO 2 films during storage in ambient air after firing. Observation of the crosscut section of the film by SEM Journal of the Ceramic Society of Japan 125 [8] 638-642 2017 JCS-Japan revealed that the Gd 2 O 3 film thickness was 80 nm. However, it was infeasible to observe the SiO 2 film thickness. X-ray diffraction revealed that SiO 2 film is mainly amorphous, but Gd 2 O 3 includes cubic phase (Fig. 5) . The surface roughness value obtained in the 5¯m square area using AFM was 0.58 nm for Gd 2 O 3 and 0.26 nm for SiO 2 , which were quite smooth. The main peaks of Gd 2 O 3 film by XPS were those for Gd4d, O1s, and C1s. The ratio of C1s against Gd4d (C/Gd), which was 1.93 at 0 h, increased to more than 4.0 after 750 h storage. The main peaks of SiO 2 film by XPS were for Si2p, O1s, and C1s. The C/Si value obtained from C1s and Si2p was 0.43 at 0 h, and increased to 0.87 after 750 h. The resin provided an almost constant composition ratio and contact angle during storage. However, contact angles for Gd 2 O 3 and SiO 2 films increased concomitantly with increasing surface carbon ratio. The increase of the contact angle was more remarkable for Gd 2 O 3 than that for SiO 2 , which corresponds to the difference of the surface carbon ratio.
These results imply that the carbon adsorption capability of Gd 2 O 3 is greater than that of SiO 2 , and that the hydrophobicity of these sintered bodies originated from the adsorption of organic molecules from the atmosphere. Therefore, we evaluated the contact angle change of the Gd 2 O 3 ceramics exposed into saturated vapor atmospheres of hexane (C 6 H 14 ; Wako Pure Chemical Industries Ltd.) or methylethylketone (C 4 H 8 O; Wako Pure Chemical Industries Ltd.). After sintering in a synthesized air atmosphere, the Gd 2 O 3 ceramics were taken out of the furnace at 40°C and were stored in a closed glass vessel saturated with the vapor of these organic compounds in ambient air or in ambient air only. The result is depicted in Fig. 6 . The contact angle increased remarkably when the Gd 2 O 3 ceramic was exposed to the vapor of organic compounds. A rapid increase of contact angle in hexane probably occurs because of its higher vapor pressure than methylethylketone's. The high adsorption capability of organic compounds for Gd 2 O 3 was predicted also from computational calculations.
18) The experiment conducted for the present study demonstrated that this trend for Gd 2 O 3 was valid for both cubic (and amorphous) phase (in film samples) and monoclinic phase (in sintered bodies). Therefore, it is expected to be related to the bonding nature of this material. Figure 7 presents the dependence of the hydrophobicization rate of Gd 2 O 3 ceramics during storage in ambient air on the temperature at the time of the sample's removal from the furnace after sintering in synthesized air. The hydrophobicization rate was increased when the temperature at removal increased from 40 to 70°C. The variation of contact angle values in this figure is attributable to the difference of surface roughness, as discussed later. We infer that the Gd 2 O 3 ceramic surface is hydrophobic and that it possesses good affinity with organic substances. The concentration of water molecules is three or four orders greater than that of organic compounds in ambient air. Once the surface is exposed to ambient air after sintering in synthesized air, water molecules adsorb onto the clean surface. For that reason, the surface becomes temporarily hydrophilic. However, the water gradually exchanges with organic compounds. The adsorption behavior depends on the temperature. Therefore, the carbon concentration after cooling to room temperature is expected to be different for different temperatures at removal from the furnace. This result also implies that the origin of the hydrophobicity of the Gd 2 O 3 ceramics is the adsorption of organic compounds from the atmosphere. Figure 8 shows FT-IR spectra of Gd 2 O 3 and SiO 2 films obtained using ATR method. Three main peaks around 3400, 1600, and 600 cm ¹1 are apparent for water molecules in FT-IR spectra. The peaks around 3400 cm ¹1 originated from the stretch vibration of OH groups 19) . The vibration of water molecules at the solidwater interface is apparent in the region of 30003800 cm
¹1
. Azimi et al. deconvoluted the broad band of vibrational spectrum of water in this region into three peaks centered at approximately 3600 cm ¹1 (non-hydrogen-bonded OHs pointing to the surface), approx. 3400 cm ¹1 (hydrogen-bonded OHs straddling the interface), and approx. 3200 cm ¹1 (OH stretching mode of bulk water). 20)22) They discussed the relation with surface hydrophobicity. 10) The peak area of 3400 and 3600 cm ¹1 against 3200 cm ¹1 for the Gd 2 O 3 film was greater than that of the SiO 2 film. A similar trend was reported between a rare-earth oxide (Ho 2 O 3 ) and Al 2 O 3 by Azimi et al. on sintered bodies. 10) This result implies that the affinity against water molecules for the Gd 2 O 3 film is inferior to that for the SiO 2 film.
Experimentally obtained results from this study suggest that rare-earth oxide Gd 2 O 3 is more likely to become hydrophobic than other oxides such as SiO 2 . This trend corresponds to the work reported by Azimi et al. The interpretation by Azimi et al. provides one reasonable explanation related to this trend. However, reports describing the preparation of hydrophobic oxides are not limited to those of rare-earth oxides. Azimi et al. prepared their ceramics using flows of synthesized air, probably to avoid the influence of contamination by organic compounds in ambient air. The amount of water in synthesized air is commonly more than three orders smaller than that in ambient air. Several hydrophobic oxide (TiO 2 , Y 2 O 3 , and HfO 2 ) films have been prepared from dry processing, with extremely low water concentrations compared to those of ambient air. However, another possible interpretation is that an oxide surface with a bonding structure that changes (such as phase transition (common to rare-earth oxides at high temperature during sintering 17) ), crystallization (common to dry process or solgel process), chemical reaction, or decomposition) in a dry condition differs from that formed in ambient air, and that the former is more hydrophobic than the latter. The degree of the difference depends on the electron structure and resultant bonding nature. In case of rare-earth oxides, because of the unique electron structure of rareearth atoms pointed by Azimi et al., the surface state becomes hydrophobic during firing in the dry condition by dry-air flowing. This state possesses good affinity against organic compounds and adsorbs them during storage in ambient air. However, dry-air flowing might be insufficient for oxides of representative and transition elements such as Al 2 O 3 or SiO 2 to be hydrophobic.
A nearly absolute dry (much lower water-molecule concentration than flowing dry air) condition may be required such as sputtering for the processing of hydrophobic oxides of representative and transition elements.
Additional detailed investigations using precise surface analyses or a computational approach might further elucidate surface structural characteristics prepared in a nearly absolute dry condition. Such methods should be examined in future works.
Roughness changes the wettability of a solid surface. Wenzel modified Young's equation and described contact angle ªB on a rough surface as shown below. 26) 
In this equation, ª denotes the contact angle on the homogeneous smooth surface. In addition, r signifies the roughness factor, which is defined as the ratio of the actual area of a rough surface to the geometrically projected area. This parameter is always greater than unity. Therefore, the surface roughness enhances the hydrophobicity of the hydrophobic surface. Cassie proposed an equation for a hydrophobic surface with large roughness. With increasing surface roughness, air intrudes into the hydrophobic solidliquid interface. It is assumed that the interface comprises solid and air. When the unit area of the surface has a wetted solid surface area fraction f with a water contact angle ª, the contact angle on the surface can be expressed as the following equation, assuming a 180°water contact angle for air. 27) cos ª 0 ¼ f cos ª þ ð1 À fÞ cos 180
In the case of low surface roughness, Wenzel's mode is commonly dominant. However, the Cassie mode becomes dominant with increasing surface roughness. Figure 9 presents SEM and laser micrographs of the sintered body's surfaces roughened before firing. The relation among the cosine of the contact angle (cos ª), surface roughness, and storage time (25, 214 , 473 h after firing) is depicted in Fig. 10 . After sintering in a synthesized air atmosphere, Gd 2 O 3 ceramics with different surface roughness were removed from the furnace at Journal of the Ceramic Society of Japan 125 [8] 638-642 2017 JCS-Japan 40°C and were stored in the dark in ambient air. The x-axis in the figure is the roughness factor obtained using laser microscopy. Although little difference in cos ª values is apparent at 25 h, hydrophobicity increases concomitantly with increasing surface roughness at 214 and 473 h. Based on Wenzel's theory, this trend is expected for a surface with an original water contact angle (ª) greater than 90°when the surface is smooth and homogeneous. However, the water contact angle of the surface of Gd 2 O 3 ceramics was approximately 65°at 214 h and approximately 85°at 473 h when roughness was not imparted (roughness factor is about 1.0). The trend of surface wettability against surface roughness does not follow Wenzel's theory. Earlier studies using the force curve of AFM in water predicted that hydrophobic force, a kind of non-DLVO force between the solid and liquid, becomes remarkable when the contact angle is greater than 65°. 29) , 30) The trend found in this study corresponds to trends found in these earlier studies. One can infer that air is accompanied (Cassie mode contribution) in the roughness when the contact angle is greater than 65°(at 214 and 473 h). It is noteworthy that the practical contribution degree of Cassie mode is expected to depend on the surface roughness morphology. 31) Detailed analysis of the roughness morphology and its effect on the Cassie mode contribution will be addressed in future work.
28)

Summary
This study examined Gd 2 O 3 to elucidate effects of the sintering atmosphere on surface hydrophobicity using synthesized air with comparison to those of SiO 2 . The ceramics sintered in synthesized air became hydrophobic. Results show that the degree of hydrophobicity is dependent on the storage time, the atmosphere during storage, and the temperature at which samples were removed from the furnace after sintering.
The recovery of the hydrophobicity after ozonation, and results of experiments assessing the relation between surface carbon concentration and contact angle change strongly suggest that the adsorption of organic compounds contributes to surface hydrophobicity. Surface roughness of the sintered body also affects hydrophobicity. The Cassie mode contribution was inferred to occur on surfaces for which the water contact angle without roughness was 65°.
